Abstract: Transition-metal-catalyzed C-H functionalizations have emerged as complementary and powerful tools to access molecular complexity from widely available starting materials. Herein, we present a strategy for asymmetric intramolecular Pd(0)-catalyzed C-H functionalizations. The outlined reactivity is based on the cooperative effect between a chiral phosphorous ligand and a carboxylate base acting as a relay of chirality during the enantio-discriminating concerted metalation deprotonation step. This approach allows the enantioselective construction of a range of important semi-saturated chiral nitrogen-containing heterocycles such as indolines, tetrahydroquinolines, and dibenzazepinones.
Introduction
Heterocycles are privileged structures in organic synthesis. In particular, nitrogen-containing heterocycles are ubiquitous in natural products and extensively used in drug discovery, crop science, organic materials, and dyes [1] . For simple and large heterocycle families like indoles, quinolines, isoquinolines, and benzazepines, numerous syntheses are reported. Their partially saturated analogs -indolines, tetrahydroquinolines, tetrahydroisoquinolines, and tetrahydrobenzazepines -are as well important building blocks covering a broad structural space. Moreover, the enhanced number of sp 3 -hybridized carbon atoms can have additional benefits (Fig. 1) [2] . However, the semi-saturated congeners which often contain stereogenic centers are more challenging to synthesize selectively, and, therefore, complementary and efficient routes are highly valuable.
Over the past decade, the direct functionalization of unactivated C-H bonds gained significant importance because of its potential to streamline the synthesis of molecules by a rapid increase in molecular complexity [3] . The refined understanding of the concerted metalation-deprotonation (CMD) mechanism [4] was critical for the large extension of the scope of Pd(0)-catalyzed C-H functionalizations, leading to direct arylations of C(sp 3 )-H bonds [3b, 5] as well as to the development of intermolecular processes [6] . A carboxylate ligand bound to the transition metal is an integral part of the catalyst system. Moreover, this additive allows for milder reaction conditions and enhanced functional group tolerance. In the current mechanistic picture of Pd(0)-catalyzed C-H functionalizations following the CMD mechanism, the reaction is initiated by an oxidative addition (Scheme 1). Subsequently, the counterion is exchanged by the carboxylate co-catalyst, setting the stage for the CMD step. A three-coordinated Pd species renders the C-H bond more acidic through agostic interaction, and the carboxylate acts as an internal base deprotonating the C-H bond via a six-membered transition state. In turn, the carboxylic acid dissociates and is deprotonated by an external insoluble base. 
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Carboxylate coordination Scheme 1 Catalytic cycle for Pd(0)-catalyzed C-H functionalization with aryl halides.
Reductive elimination of the cyclometalated Pd(II)-species releases the product and regenerates the Pd(0) catalyst.
Asymmetric catalysis is an efficient way to access chiral molecules and its implementation towards the synthesis of nitrogen-containing heterocycles is a well exploited strategy [7] . However, only limited enantioselective C-H functionalizations have been reported so far [8] , often because the harsh conditions required for such reaction interfere with selectivity. For Pd(0)-catalyzed C-H functionalizations calling for monodentate ligands, the reduced availability of efficient chiral monodentate phosphine families compared to the ubiquitous bidentate ligands represents also a limitation. Moreover, the single point coordination of the ligand on the metal results in free rotation across the metal-ligand bond rendering the imprint of chirality to the substrate more difficult compared to rigid bidentate counterparts. For asymmetric reaction of substrates possessing two enantiotopic C-H bonds, the CMD step is the enantio-discriminating event of the overall reaction. During this step, the chiral ligand of the Pd complex is remote from the C-H bond to be activated. This makes a good chiral transfer from the ligand to the substrate challenging. However, the carboxylate base, which is directly involved in the deprotonation event, is both close to the phosphine ligand and the substrate and therefore likely to be well suited to relay the chirality (Scheme 2). A key aspect of our approach was to evaluate and exploit this cooperative effect between the two different ligand types for enantioselective processes in Pd(0)-catalyzed C-H functionalizations.
Results and discussion

Palladium(0)-catalyzed enantioselective C-H alkenylation: An initial proof of principle
When we first became interested in enantioselective C-H functionalizations, enantioselective activation of C-H bonds was illusive with Pd(0)-catalyst systems [9] . Several reports show that achiral transformations operating by the CMD-mechanism require phosphine or carbene ligands to proceed [4b]. These findings prompted us to believe that the enantiocontrol of such transformation could be feasible by suitable ancillary phosphine ligands. We selected a simple model having an alkenyl triflate and two enantiotopic phenyl groups to establish the initial proof of principle of our hypothesis [10] . This substrate class would be able to undergo enantioselective arylation of aromatic C(sp 2 )-H bonds via a favored six-membered palladacycle. The use of a triflate in contrast to a halide bears the benefits of a faster exchange step of the counterion for the carboxylate. After an exhaustive screen of a large variety of different phosphorous-based ligands, taddolbased phosphoramidite ligands crystallized as the most promising family. However, the reaction turned out to be very sensitive to the substitution pattern of the taddol ligand and tailored ligand L1 provided the desired high enantioselectivities of > 90 % ee. The reaction conditions are extraordinarily mild, proceeding at ambient temperature under virtually neutral conditions with sodium bicarbonate as base. Indanes having an all-carbon quaternary center were formed in excellent enantioselectivities, proving the general feasibility of our envisioned enantioselective C-H activation concept (Scheme 3).
C(sp 3 )-H arylations: Synthesis of functionalized indolines
In contrast to aromatic C(sp 2 )-H bonds, alkyl C(sp 3 )-H bonds are less acidic and no π electrons are available for catalyst pre-coordination making C(sp 3 )-H functionalization a significantly more challenging task. Fagnou and co-workers reported the synthesis of dihydrobenzofurans via Pd-catalyzed arylation of C(sp 3 )-H bonds showing the importance of catalytic amounts of pivalic acid as a key additive for the CMD step [5a] . Subsequently, Ohno and co-workers demonstrated the synthesis of indolines with the same set of conditions [11] . Given the synthetic importance and value of indolines, we aimed to develop an asymmetric variant of this reaction. During the course of our studies, Kündig et al. [12] and Kagan et al. [13] independently developed enantioselective methods for this transformation. Kündig uses his bulky chiral carbene ligands [14] in combination with the standard pivalic acid additive to achieve high enantioselectivities. To investigate our hypothesis of relaying the chirality to the carboxylic acid, we explored the different combination of chiral carboxylic acids and phosphine ligands and found a strong matched/mismatched effect (Scheme 4).
The need for a bulky electron-rich ligand for this transformation combined with the lack of chiral monodentate phosphines forced us to develop a family of bulky chiral biaryl monophospholanes. Among them, Sagephos L3 turned out to be highly selective for the enantioselective functionalization of methyl as well as methylene C-H bonds starting from aryl triflates. As optimal carboxylic acid partner for L3, our screening revealed the bulky 9H-xanthene-9-carboxylic acid providing robust and high selectivities [15] . The reaction has a broad substrate scope and allows for the simultaneous construction of up to three stereocenters (Scheme 5). Similar aryl bromide substrates react sluggishly with L3. However, ligand L4 based on the C 2 -symmetric phospholane architecture mimics the profile of PCy 3 and PtBu 3 and displays with aryl bromides excellent reactivity and promising selectivity (Scheme 6) [16] .
During the development of enantioselective cyclopropane C-H arylations (vide infra), we discovered that substrates possessing cyclopropane substituents with a methine C-H underwent exclusive methine C-H bond activation rather than methylene C-H bond activation leading to larger palladacycle. No destruction of the cyclopropane ring occurs, and the method affords spiroindolines in high yields. Moreover, this reaction can be conducted as a tandem process coupled with intermolecular Suzuki couplings or direct arylation of heteroaromatics to access more complex spiroindolines in a single operation (Scheme 7) [17] .
Enantioselective C-H arylation of cyclopropanes
Next, we aimed to extend the scope of the arylation methodology to larger rings such as tetrahydroquinolines. This would require less favorable seven-membered palladacycle intermediates, which were elusive for C(sp 3 )-H arylations. We concentrate our efforts on cyclopropane C-H functionalizations that would be a complementary route to the many cyclopropane construction methods [18] . Such a reaction would not only deliver synthetically valuable products, but as well facilitate the activation process due to the higher s-character of the cyclopropane C-H bonds rendering them more acidic [19] and susceptible towards activation. A re-optimization of the previously successful reaction conditions was necessary, and taddol-based phosphoramidite L5 gave the best selectivities. Again, the carboxylic acid was crucial as co-catalyst for both reactivity and selectivity, and simple pivalic acid was among the most efficient for this purpose. This new catalytic system is well tolerant towards functional groups and enables the enantioselective synthesis of functionalized tetrahydroquinolines possessing a cyclopropane ring with a quaternary stereocenter (Scheme 8) [20] .
Submitting the tetrahydroquinoline product to mild heterogeneous reduction conditions with H 2 and Pd/C, a regioselective hydrogenation of the inner bis-benzylic C-C bond of the cyclopropane moiety took place (Scheme 9). Intriguingly, this reduction is completely enantiospecific and afforded the benzazepine scaffold in good yields.
Eight-membered palladacycle intermediates leading to chiral benzazepinones
While with the illustrated regioselective and enantiospecific opening of cyclopropane-substituted tetrahydroquinolines chiral benzazepines could be obtained indirectly, a direct access to this scaffold was more desirable. Intramolecular C-H arylations are by and large limited to the synthesis of four-, five-, and six-membered rings. In contrast, scarce examples of seven-membered ring formations are reported which all require high catalyst loadings (10 mol%) and/or harsh reaction temperatures ( > 130 °C) [21] . This gap can be attributed to the more difficult formation of the eight-membered palladacycle intermediates. To address this issue, we focused on aromatic C(sp 2 )-H bonds embedded in a substrate with a rigid amide tether [22] . We expected that this would conformationally predispose the aromatic groups towards the aryl Pd(II) species resulting in a facilitated metalation. The anticipated concept worked successfully delivering highly substituted benzazepinones at reaction temperatures as low as 80 °C (Scheme 10). The archetypical and simplest congener of the taddol-phosphoramidite family L6 [23] proved to be together with pivalic acid as co-catalyst the most efficient ligand for this transformation. The process is highly regioselective and functional group tolerant, affording complex chiral benzazepinones in high enantioselectivities.
Conclusion
In conclusion, we presented an enantioselective intramolecular C-H arylation strategy to efficiently access functionalized heterocycles. The method is based on chiral phosphine and phosphoramidite ligands working in cooperation with a matching carboxylate, which is required to assist the concerted metalation deprotona-tion step. A broad spectrum of C-H bonds can be successfully addressed ranging from aromatic C(sp 2 )-H bonds to methyl, methylene, and methine C(sp 3 )-H bonds. Furthermore, the size of the palladacyclic intermediate can be varied from six-, seven-, and eight-membered palladacycles, allowing access of some of the most important semi-saturated chiral nitrogen-containing heterocycles in an enantioselective fashion. 
